Abstract-This paper presents a comparative study of the performance of two types of electric motors used in eco-urban electric cars (EC). The power transmission system of an EC is modelled once with a DC permanent magnet (PM) and once with an AC induction motor (IM). In both cases the electric motors can operate in two modes: propulsion mode (motor) and regenerative brake mode (generator). Two standard velocity history profiles SFUDS and ECE-15 are used to model the dynamic of the car. It is shown that IM performs more effective than PM.
INTRODUCTION
Vehicles using conventional internal combustion engines (ICE) as their power driving systems have become an indivisible part of today's transportation. Using ICE, however, leads to air pollution, noise and the consumption of the exhaustible energy resources. In view of these drawbacks, a vast amount of research is being carried out towards developing cost effective environmentally friendly power driving systems. Alternative power driving systems include relatively new technologies such as hydrogen, fuel cell, hybrid electric-petrol/diesel, hybrid hydrogenpetrol/diesel, as well as very old technologies such as electric cars. Although hydrogen and fuel cell technologies have improved significantly during the last decade, these technologies still are not cost effective enough to compete with conventional petrol/diesel ICE in the market. Another drawback of these technologies is their relative complexity. On the other hand, the history of electric cars (EC) goes back to 19th century. Despite their inherent simplicity and the fact that efficiency of electric power systems can be up to ten times more than the efficiency of ICE-based power systems [1] , their popularity diminished in 1930s due to limitations in battery life and capacity, long charging time and the cost of batteries.
Comparing hybrid-electric cars (HEC) with conventional petrol/diesel cars, HEC are more reliable in terms of available power, this type of cars generates less exhaust emission and needs lower operation cost [2] . On the other hand, HEC have higher initial cost, higher complexity and therefore higher maintenance cost.
EC are superior to conventional and HEC in terms of initial cost, operation cost and carbon footprint. The performance of EC in terms of maximum speed and power is lower than conventional HEC. The level of importance of this assessment criterion is highly subjective to the customer's expectation, attitude towards green issues and the usage. To a customer with a positive attitude towards preserving the environment and minimizing the carbon footprint, traditional performance measures can be much less important than cost and reliability assessment criteria. The same is true for the comfort assessment criterion, if the car is meant to be used in regions with mild climates.
Currently the research towards increasing the reliability in power is being carried out mainly in the following branches:
• Reducing the power loss. This branch includes research in a wide range of disciplines, from aerodynamic shape optimisation of the body [3] , to using advanced materials and lightweight structures [4, 5, 6 and 7] . It includes development of new batteries with higher charging efficiency, developing electric motors with higher efficiencies [8, 9, 10, 11 and 12] and implementing power management systems [13, 14 and 15] .
• Re-using power. This branch is mainly dealing with developing lighter, smaller and more efficient regenerative brake systems [16, 17 and 18] .
• Increasing storage capacity and reducing the charging time. This branch is focused on developing more durable deep-cycle batteries, with higher storage capacities per unit volume (or mass) [19, 20 and 21] .
• Design and optimisation of the charging stations networks [22 and 23] .
• Design of car charging system [24] .
• Design and optimisation for sizing components [25, 26 and 27].
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Whilst the majority of the research is directly related to the improvement of the relevant technologies, employing new design and optimisation techniques has been recently attracting many researchers in this field.
The presented study is focused on a new design method in which the dominant usage of EC is also taken into consideration at conceptual phase of the design. These data can be used for more accurate estimation of the power consumption as well as the available energy for recovery. This reduces the level of uncertainties allowing the designer to adopt a deterministic design method for design of the power system components such as number and size of batteries and the regenerative brake system. As a preliminary investigation into the effect of adopting a usagedriven design on the cost and reliability of the power system of EC, this paper is focused on simulation of the power system of an EC for known dominant usages comparing the performance of two types of electric motors. Here, two standard driving cycles are considered as the dominant usage profiles.
II. POWER SYSTEM MODELLING
In order to simulate the power system, all components need to be modelled separately. Fig. 1 shows a generic illustration of the power system of an EC with its four main components: battery, motor, transmission system and brake system. The power flows in both normal and regenerative modes are also shown in this figure. Amongst different types of batteries, Nickel-Cadmium (NC) batteries, due to their higher capacity-weight ratios, are more popular in EC applications [28] . NC battery is used for modelling the power system presented in this study. Open circuit voltage of NC batteries can be approximated as [28] 
where E is the open circuit voltage and DOD is the depth of discharge of each cell of the battery and n is the number of cells.
Different types of transmission system can be used in an EC. As this study is focused on the comparison of two types of motor, only the efficiency and transmission ratio is required for simulation.
Normally, both friction-based mechanical and regenerative brake systems are used in EC. Here, it is assumed that during a break, 50% of the energy is dissipated through the mechanical system and 50% is fed back into the system. PM brushless DC motors, switched reluctance motor, IM and brushed DC motor drives are only a few types of applicable motor for EC. IM and brushless PM motors are most preferred. In theory, when electrical energy is loaded to the motors, mechanical energy can be obtained as the output. Similarly when mechanical energy is loaded to the motors, electrical energy can obtain as the output (Fig. 2) . The efficiency of the motor is defined based on four major sources of losses:
Copper losses are caused by the electrical resistance of the wires of the motor.
Iron losses are caused by magnetic effects in the iron of the motor, particularly in the rotor.
Friction and windage are caused by friction torque in the bearings and brushes of the motor (where applicable). In presence of a fan fitted to the rotor for cooling, the wind resistance is also a source of energy loss.
Constant losses occur from magnetic field and electronic control equipment. In the permanent magnet motors this losses can be neglected.
Considering the four sources of losses, the efficiency of electric motors can be modelled as [28] 
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where T is the torque, ω is the motor angular velocity, c k is the copper losses coefficient, i k is the iron losses coefficient, ω k is the windage losses coefficient and C represents the constant losses that apply at any speed. Siemens motors data sheet is used in the simulation of this study. Table I shows loss coefficients for PM and IM Motors. If the motor is being used in regenerative mode EC slows down the vehicle, and the efficiency is applied in opposite way. In this situation the efficiency takes the following form. 
III. SIMULATION
The developed simulation environment employs a velocity profile, as the dominant usage, to find the instantaneous acceleration values and consequently the required instantaneous energy. Based on the energy consumed and regained the state of charge (SOC) of the battery is calculated. The simulation continues until the SOC of the battery reaches its minimum allowable level (here 10%). The total distance travelled by the EC is taken as an indication of the efficiency of the motor used. Table II shows the characteristics of the modelled EC in this study.
A. Tractive Force for the EC
In simulation the total tractive force tr F for driving the EC is calculated as in (4) B. Driving Cycles Parameters such as travel time, speed profile, number and duration of stops and maximum speed depend on the travelling distance, location and the time of the day in which the car is driven. One of the typical car driving cycles is the Simplified Federal Urban Driving Schedule (SFUDS), shown in Fig.3 [28] . Another useful drive cycle in order to test small vehicles is the European urban driving schedule (ECE-15) as shown in Fig.4 . SFUDS and ECE-15 are used as driving cycles in this study for simulation. 
C. Power Demand
The starting point in these calculations is to find the tractive force ( tr F ), which can be found using (4). The required power tr P is given by:
where V is the car velocity. Using the various efficiencies the energy required to move the vehicle for one second is calculated. Having the traction power, the motor input and output powers ( Fig. 7 and Fig. 8 show the travelled distance using with PM and IM in ECE-15 and SFUDS. The points indicated on the figures shows the calculated steps in the simulation. As shown on the figures, IM can be driven longer than the PM, for both SFUDS and ECE-15 cases analysed. Using the SFUDS in the simulation the difference is about 10 km, also using ECE-15 the difference is 15 km. Considering the frequency of driving period, the difference of he distance traveled will be remarkable in terms of many factors. Because of the mathematical equations regenerated power curves is negative and all peak points on IM curve are higher than PM curve. This shows that IM performs better than PM in the regenerative mode too. To find a suitable motor for an electric car a comparative study is carried out between a DC permanent magnet motor and an AC induction motor. The mathematical model of the power system was presented which included all the components. The simulation was carried out for two different driving cycles SFUDS and ECE-15. The results indicated:
• Induction motor performed better than permanent magnet for both driving cycles. The driving distance covered by induction motor was longer by 10km and 15km for SFUDS and ECE-15 cycles, respectively.
• During the deceleration of the car, the regenerative power of the inductive motor obtained was better than that of the permanent magnet motor. Northumbria University
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